We discuss asymmetric or symmetric dark matter candidate in the supersymmetric Dirac leptogenesis scenario. By introducing a singlet superfield coupling to right-handed neutrinos, the overabundance problem of dark matter can be evaded and various possibilities for dark matter candidate arise. If the singlino is the lightest supersymmetric particle (LSP), it becomes naturally asymmetric dark matter. On the other hand, the right-handed sneutrino is a symmetric dark matter candidate whose relic density can be determined by the usual thermal freeze-out process. The conventional neutralino or gravitino LSP can be also a dark matter candidate as its non-thermal production from the right-handed sneutrino can be controlled appropriately. In our scenario, the late-decay of heavy supersymmetric particles mainly produce the right-handed sneutrino and neutrino which is harmless to the standard prediction of the big-bang nucleosynthesis.
I. INTRODUCTION
The absence of anti matter in our Universe is one of the main questions in cosmology and particle physics. One of the suggestions to generate this "matter-antimatter asymmetry" is the leptogenesis scenario which first generates lepton asymmetry through lepton number violating operators and convert it to baryon asymmetry by electroweak sphaleron transition [1] .
The leptogenesis mechanism can be realized even without violating lepton number in the context of Dirac neutrino models [2] , which is called the "Dirac leptogenesis". Some interesting variants were proposed in [3] [4] [5] [6] [7] . A realistic supersymmetric model for Dirac leptogenesis was proposed in [8] and studied in detail in [9] [10] [11] . However the supersymmetric Dirac leptogenesis faces an imminent cosmological problem: the overabundance of right-handed (RH) sneutrinos [12] .
When the lepton asymmetry in the left-handed (LH) sector is generated, the opposite RH (s)neutrino asymmetry of the same amount arises at the same time. However the total number density of RH sneutrino is the same order as that of the decaying heavy fields. Now that the RH sneutrino has only a tiny Yukawa coupling of order 10 −13 , it cannot equilibrate and thus the relic density is too large to be a stable dark matter (DM) candidate since its mass comes from soft supersymmetry breaking of order of the weak scale or larger. The problem persists although it can decay. Again due to the small Yukawa interaction, it decays very late to overproduce any dark matter candidate in the model. Thus, it is required to have a dilution mechanism or a very light DM candidate without changing the successful Dirac leptogenesis in the LH sector.
Some ideas have been discussed in [12, 13] . One can make RH sneutrinos decay before the freeze-out of a DM candidate by introducing unconventionally large SUSY breaking terms [12] . Ref. [13] introduces a gauged U (1) N symmetry, under which the RH neutrino superfield is charged, but the Standard Model fields are not, and some extra fields to cancel the gauge anomalies of U (1) N . Then the RH sneutrino can be thermalized by the gauge interaction and also it can have an appropriate DM relic density by the usual freeze-out process.
In this paper, we propose a simple mechanism to solve the overabundance problem by introducing a singlet field X which has a lepton-number conserving Yukawa interaction with a RH neutrino N , λ X XN N , in the superpotential. In this scenario, there arise various interesting possibilities for asymmetric or symmetric dark matter candidates.
In Section II the main features of Dirac leptogenesis will be briefly reviewed. In Section III we describe our model, and in Section IV we discuss how to avoid the sneutrino overabundance problem and study various dark matter candidates in the model such as the singlino (the fermion component of the superfield X), the RH sneutrino, the standard neutralino, and the gravitino. We conclude in Section V.
II. DIRAC LEPTOGENESIS
Our main results do not depend on a specific model of Dirac leptogenesis, however let us adopt a concrete model of [12] for illustration. To realize the Dirac leptogenesis in supersymmetric theories, we use Non-Minimal Supersymmetric Standard Model (NMSSM) which additionally contains RH neutrinos and very heavy Dirac particles (Φ, Φ c ) whose decay produces lepton asymmetry. The superpotential is then given by
where the first line corresponds to the usual NMSSM and the second line consists of fields which are responsible for the Dirac neutrino mass term and leptogenesis. Here, λ L and λ N are Yukawa coupling strengths and M Φ is heavy mass much larger than the weak scale. We suppressed the generation index in the superpotential. Here, all the superfields added to the NMSSM sector are the SM singlets, and thus the gauge coupling unification is not affected. Besides the lepton number U (1) L , we introduce a Peccei-Quinn symmetry U (1) PQ to solve the strong CP problem and the superpotential f (S) = µ
is supposed to be induced after the U (1) PQ breaking [14] . The corresponding charges are listed in Table I . In our model, the R-parity is preserved and thus the LSP is stable.
Below the mass scale M Φ , we can integrate out Φ, Φ c pair to get the effective superpotential
which generates the Dirac neutrino mass
u and µ eff = λ S . Note that a tiny Yukawa coupling y ν = m ν /v u ∼ 10 −13 can arise from the "Dirac seesaw" with M Φ at a high scale:
The decay of heavy fields Φ and Φ c will produce the same but opposite asymmetries, ǫ L + ǫ N = 0, in the final states LH u andNS, respectively. For this, we assume that the reheating temperature after inflation is high enough, T R M Φ , so that thermal Dirac leptogenesis can occur. Since the interactions between L and N is too small, the RH neutrino sector has been already decoupled from the LH neutrino sector when they are produced from the decay. Thus the lepton number for each sector is conserved separately once they are produced, while the total lepton number asymmetry is vanishing. Then, the non-vanishing asymmetry normalized by the entropy density in the left-handed sector, Y L ≡ (n L − nL)/s, is converted to the baryon asymmetry Y B through the sphaleron process. Thus, it is required to have
where Y Φ is the out-of-equilibrium density of the heavy superfield pair Φ, Φ c . Here appears the problem of unwanted relics [12] . Independently of the details of Dirac leptogenesis models, the successful leptogenesis implies a "large" abundance of the RH sneutrinos from the decay of Φ fields, Y N ∼ Y Φ ≫ 10 −10 , which can be translated into the dark matter abundance of Y DM ≫ 10 −10 . The present observation of the DM abundance requires
and thus (4) contradicts with the conventional supersymmetric dark matter mass at the weak scale or above. In the following section, we will propose a simple solution to this problem.
III. MODEL
Let us now introduce an additional Dirac singlet superfield X, X c with the charge assignment in Table 1 to allow the following superpotential:
This changes thermal history of the RH sneutrinos and the dark matter phenomenology. The superfields X(X c ) and N are decomposed as
Note that we have two R-parity odd particles; the"Dirac singlino", (X,X c ), and the usual RH sneutrinoÑ whose dark matter property will be discussed in the following section.
The F-term scalar potential is
and the soft SUSY breaking terms are
For positive soft mass-squareds and rather small soft parameters, B X and A X , all scalar fields are stabilized at the origin ensuring the lepton number conservation. Then the RH sneutrinoÑ gets a soft mass mÑ , and the mass eigenvalues of the singlet scalars X, X c are given by
Here the mass eigenstates are defined by
where the mixing angle θ satisfies
with B X = |B X |e −iδ . The fermion Yukawa and mass terms are
The LH and RH neutrino sector were in thermal contact for the temperature T R M Φ through Φ field. After Φ's are decoupled, RH neutrino sector is also decoupled from the LH neutrino sector, however X, X c and N fields are in thermal contact with each other through Yukawa interaction in Eq. (6).
IV. DARK MATTER IN DIRAC LEPTOGENESIS
Since the R-parity is conserved in the whole superpotential given in Eqs. (1) and (6), the LSP is stable and can be a dark matter candidate. In our model, there are several possibilities for the LSP. We will examine each case in the following subsections. Our discussion in the following does not depend on the specific model for the Dirac leptogenesis used in the section II.
The Dirac singlino (X,X c ), although decoupled from the LH neutrino sector, is in thermal contact with RH (s)neutrinos through the interaction term λ X XN N in the superpotential. Thus the symmetric abundance YX (c) and the asymmetry Y ∆X ≪ YX(c) are generated during the thermalization process with RH sneutrino and by its decay, N →NX c andÑ * → NX. Therefore, the Dirac singlino is a viable asymmetric dark matter candidate for its mass around 5 GeV:
if its symmetric component can be depleted sufficiently. The interaction terms in our model Eq. (13) allow the pair-annihilation of the singlino and anti-singlino,XX c → NN , through the exchange ofÑ in the t-channel, while forbidding self-annihilation ofXX orX cX c . The pair-annihilation cross section is given by
If this annihilation cross section is larger than the standard freeze-out cross section, σv f r = 2.57 × 10 −9 GeV −2 , the symmetric population annihilates away and there remains only the asymmetric part. The condition of σv XXc > σv f r leads to the constraint
assuming M X ≪ mÑ .
The singlino can be produced also from the decay of the lightest particle in the NMSSM sector, denoted byχ 
Sinceχ 0 1 decays after the singlino dark matter freeze-out as well as the Big-Bang Nucleosynthesis (BBN), its late-time decay might produce too much non-thermal dark matter density or spoil the standard BBN prediction [16] [17] [18] . In fact, these two problems can trivially be evaded in our scenario. First, the dark matter relic density from the non-thermal production is given by
Considering Ωχ0 1 h 2 ∼ O(1) and mχ0 1 ∼ 10 2−3 GeV, the non-thermal production is subdominant for mX = 5 GeV. Second, even though the dominant decay products are neutrinos and dark matter and thus are harmless, there exist hadronic decay modes, e.g.,χ
However the branching ratio is around O(10 −4 − 10 −3 ) and thus it is safe from the BBN constraints [16] .
The similar arguments can be applied to the NLSP gravitino whose abundance is proportional to the reheating temperature, T R . In our model, the gravitino can also follow the decay chain ofG → X * X → N NX orG → NÑ * → N NX. Assuming the two-body decay mode is open, the gravitino decays also very late as usual:
The dark matter relic density coming from the gravitino decay is given by [15] Ω NTP,G X 
Thus this contribution is also subdominant as far as T R 10 12 GeV.
When the RH sneutrino is the LSP, it is also a good dark matter candidate in our model. Recall that the RH sneutrino whose mass is in the range of 10 2 − 10 3 GeV causes the overabundance problem with its large symmetric and asymmetric abundance. However the Yukawa couplings in Eq. (13) allow the self-and pair-annihilation of the RH sneutrino and anti-sneutrino:ÑÑ → N N ,Ñ * Ñ * →NN , andÑÑ * → NN through which the RH sneutrinos are thermalized and the relic abundance is determined by the usual freeze-out. The self-annihilation cross-sections are given by
where m X and m X c are the soft mass defined in Eq. (9) and m X1 , m X2 are the masses of the scalar X given in Eq. (10). The pair-annihilation cross section is given by
This is the p-wave contribution and the s-wave is negligible due to the helicity suppression. To deplete the large symmetric and asymmetric population, we require σv ÑÑ = σv Ñ * Ñ * σv f r , which leads to the symmetric abundance of the RH sneutrino.
Similarly to the discussions in the previous subsection, the late-decay of the usual neutralino LSP in the NMSSM sector or the gravitino contributes to the dark matter relic density, which does not cause a trouble with the BBN. Repeating the previous discussion, we get the non-thermal RH sneutrino relic density from the neutralino LSP decay:
The non-thermal contribution to the RH sneutrino abundance from the gravitino decay is given by
which requires T R 3 × 10 10 GeV for the given choice of the parameters.
C. Neutralino or Gravitino LSP as dark matter
The usual lightest neutralino in the NMSSM sector or the gravitino is also a dark matter candidate as far as the overabundance problem, caused by the non-thermal production from the late-decays of abundantX orÑ , can be evaded. It can be easily achieved in our scenario if we allow a fast decay ofX →Ñ * N and efficient self-annihilations ofÑ ( * )Ñ ( * ) in Eq. (21) which depletes the abundance and thus can lead to
When the gravitinoG is the LSP, the usual neutralino decay to the LSP through, e.g.,χ 0 1 → γG, would spoil the BBN prediction. This problem can be also evaded by allowing the decay channelχ 0 1 →ÑN which is much faster than the above dangerous channel:
where N 14 denotes theχ ). To solve this problem we have to resort to the usual solution of gravitino problem by lowering reheating temperature or increasing the gravitino mass [17, 18] .
We studied the possible dark matter candidates in the supersymmetric Dirac leptogenesis scenario which avoids the RH sneutrino overabundance problem. By introducing a singlet field X coupling to the RH neutrino, we show that the RH sneutrino can be thermalized or decay to a light singlino dark matter. If the singlino is the LSP, it is a natural asymmetric dark matter candidate whose abundance is directly connected to the baryon asymmetry of the Universe. For the RH sneutrino LSP, its relic density can be determined by thermal freeze-out of the self-annihilation (ÑÑ → N N andÑ * Ñ * →NN ) leading to symmetric population. In our scenario the conventional neutralino or the gravitino LSP can also be a dark matter candidate as the RH sneutrino population can be depleted by the above process reducing the non-thermal production of the LSP. It is also shown that the potential problem of the late-decay of heavy supersymmetric particles spoiling the BBN prediction can be easily evaded by making them decay to the RH neutrino and sneutrino.
